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Abstract:

A dominant negative C/EBP transcription factor loss of function transgenic
mouse model has been generated to establish the effects of C/EBP inhibition on

osteoblast and odontoblast differentiation and function. These mice express a FLAG-

tagged, dominant negative C/EBP transgene that has been targeted to cells of the
stromal/osteoblast lineage with a 3.6 kb type I collagen promoter fragment (3.6). In

earlier studies, transgenic pOBCol3.6-FLp20C/EBPg mice from this model showed
evidence of decreased trabecular bone volume. This suggests a possible positive role

for C/EBP transcription factors in osteogenesis. Our goal is to compare the dental

morphology and micro-architecture of transgenic mice to their wild-type littermates.

Two lines of the transgenic mice were also found to have a dental phenotype.
Incisors for transgenic mice showed differing degrees of malocclusion along with

overgrowth and/or breakage. Preliminary studies using micro-computed tomography
and routine histology demonstrated a site-specific dentin dysplasia. This was
characterized by a site-specific reduction in thickness and a disrupted structure for the

lingual dentin of mandibular incisors. The molars have not been studied as
extensively. However, there appears to be a similar disruption in the radicular dentin
as well. Preliminary immunohistochemical studies performed on transgenic mandible

samples demonstrated expression of the transgene in osteoblasts and odontoblasts.
Observations were made using cephalometric films and routine photography.

Dissected hemi-mandibles underwent routine histology to identify the quality and
amount of dentin present in transgenic and wild type animals. Mandibles also were

subjected to micro-computed tomography to gain an understanding of the total and
individual tissue areas occupied within the tooth socket. Immunohistochemistry was
used to demonstrate localization of the transgene in alveolar bone and dentin. Our

goal was to describe the tooth phenotype of transgenic mice with Col lal promotertargeted expression of p20C/EBPI3. Preliminary data suggests that C/EBP
transcription factors play a role in odontoblast differentiation or function and in the
regulation of alveolar bone mass. These studies should lead to a better understanding
of the mechanisms regulating odontoblast differentiation and function and in the

pathways involved in dentin dysplasia and dentinogenesis imperfecta.

Background:

C/EBP Transcription Factor Family

C/EBPs are a sub-family of homologous transcription factors

that belongs to the basic leucine zipper family. There are currently six members of
the C/EBP family. The majority are expressed in bone, liver, spleen, and adipocyte
tissue. The members are related structurally to one another, each consisting of an

amino-terminal transactivation region, a central DNA-binding domain, and a

carboxy-terminal dimerization interface. Activation of these transcription factors can

regulate expression of genes, particularly those involved in energy metabolism and
immune or inflammatory responses (1-3).

C/EBPB Isoforms

Differential translation leads to generation of diverse protein isoforms

developed from the C/EBPf5 gene. Either full-length or truncated isoforms are
produced by differential translation initiated at multiple in-frame AUGs present in the

mRNA (11). The product originally called LAP (liver-enriched activator protein) has
the N-terminal transactivation domain and is the transcriptional activator (11). The

product originally called LIP (liver inhibitory protein), or p20C/EBPI3 containing the
C-terminal basic leucine zipper domain required for DNA binding and dimerization.

Most members of the C/EBP family can bind the same sequences and heterodimerize
with one another (2). Therefore, p20C/EBPf3 can function as a dominant negative
inhibitor of C/EBP function.

Relationship between C/EBPs and Cellular Differentiation
C/EBPs play a key role as regulators of cellular differentiation in granulocytes,

hepatocytes, macrophages, and adipocytes (12-15). Previous studies seem to indicate
a role for C/EBPs in late osteoblast differentiation. Osteogenesis has an inverse

relationship to adipogenesis (7). It may be that this reciprocal relationship between
the two lies at the level of cellular differentiation, since osteoblasts and adipocytes
are derived from a common progenitor cell (8). Undifferentiated stromal cells can be
induced to differentiate into either osteoblasts or adipocytes. Differentiation of

progenitor cells into adipocytes involves the activation of C/EBPf and

,

which

causes the cells to commit to becoming adipocytes (16,17,18).

Function of C/EBP in Osteogenesis
Since C/EBP transcription factors are key regulators of adipocyte

differentiation, it was initially thought that inhibition of C/EBP function during the
initial differentiation of the stromal/osteoblast progenitor lineage might augment the

differentiation of osteoblasts at the expense of adipocytes. In order to investigate this

hypothesis, a dominant negative C/EBP (pOBCol3.6-FLp20C/EBP) was constructed
which targets expression to the stromal/osteoblast lineage using a 3.6 kb type I

collagen (Col 3.6) promoter fragment. Recent studies from Dr. Rowe’s laboratory
indicate that the Co13.6 promoter fragment is expressed relatively early in the lineage

and is therefore likely to be expressed in pluripotent progenitor cells as well as in
mature osteoblasts (8).

However, production of transgenic mice did not produce the expected
phenotype. Preliminary studies suggested that reduced adipogenesis may occur at
some sites. However, instead of seeing an increase in osteogenesis as expected, a

decrease in bone volume was observed. Given the finding of osteopenia in the

transgenic mice, it was concluded that C/EBP transcription factors play a role not

only in adipogenesis but in osteogenesis as well.

Tooth Differentiation and Development
Tooth buds are formed from several pathways that result from epithelial-

mesenchymal cell interactions. These buds will then proceed through cap and bell
stages, which will lead to the development of tooth crowns. The crowns consist of
ameloblasts, which produce enamel, and odontoblasts, which secrete dentin (19,20).

Dentinogenesis is a highly regulated process that occurs as odontoblasts

undergo differentiation. These odontoblasts differentiate independently in each cusp
and will eventually result in the production of dentin (21,22). Mouse incisors differ
from their human counterparts in that they continue to erupt throughout the life of the
animal. Another difference is that enamel is present only on the labial side. The

enamel in this area is constantly worn down during mastication (23). Schmitt et al

recently demonstrated that a population of stem cells in the cervical loop at the apical
end of the incisor continuously gives rise to new groups of ameloblasts and

odontoblasts (24).

Odontoblasts and DSPP
Dentin is produced by odontoblasts which initially produce a predentin matrix

primarily composed of type I collagen. This matrix also includes a number of
important non-collagen proteins including bone sialoprotein (BSP), osteocalcin (OC),

osteonectin, and osteopontin (OP). Dentin sialophosphoprotein (DSPP) is primarily

expressed in the teeth by preameloblasts and odontoblasts, although recently low
levels have been observed in the ear and in bone (25). Dental sialoprotein (DSP) and
dental phosphoprotein (DPP) are the two major dentin specific proteins and are

produced from the DSPP gene by cleavage of the 940 amino acid polypeptide. DPP
is a highly phosphorylated protein and has an elevated content of phosphoserine and

aspartic acid, which contributes to its role as a regulator of dentin mineralization.

DSP consists of a sialic acid-rich glycoprotein, which shares some homology to BSP,

OP, and DMP-1 (26, 27). DSPP plays a crucial role in the events that are essential
during dentin mineralization. Mutations of this gene have been identified in
dentinogenesis imperfecta II and dentin dysplasia II syndromes (25). Each of these
disorders is characterized by discoloration of the teeth and a defect in the
mineralization of the dentin. In recent studies, knocking out the DSPP gene in mice

resulted in a similar phenotype to that seen in human dentin dysplasia, including

hypo-mineralization of the dentin, enlarged pulp chambers, and attrition of the molar
crowns. Recent studies with a transgenic mouse model with DSPP promoter-targeted

expression of TGFf5 demonstrated a dentin dysplasia associated with decreased

expression of DSPP (28).

Dentin Dysplasia and Dentinogenesis Imperfecta

Dentin dysplasia is a disorder that affects dentin mineralization. It was

recently discovered that etiology of one form of dentinogenesis imperfecta is due to a

Tyr6Asp amino acid substitution in the hydrophobic core sequence of the DSPP gene.
This mutation results in the inability of DSPP to gain access to the endoplasmic
reticulum (25). This disorder has no correlation with any systemic disease.

Clinically, teeth lack normal translucency and are often fragile and break easily.

Histologically dentin appears globular and amorphous; tubules can no longer be
observed. Dentinogenesis imperfecta (DI) is an autosomal dominant disorder, which

primarily affects the mineralization of dentin in teeth. DI may or may not be
associated with osteogenesis imperfecta (OI). In general, the more severe forms only

affect the dentin while the milder cases tend to be associated with OI. The teeth of
these patients are often described as "shell teeth", because dentin mineralization does
not occur. It is believed that DSPP is mutated and prevented from converting

predentin to dentin, which results in the phenotypic feature associated with

dentinogenesis imperfecta.

How C/EBP Loss-of-Function Relates to Dental Phenotype
While distinct changes were noted for bone in the transgenic mice, our goal
was to focus more specifically on the dental phenotype. Mice with dominant negative
C/EBP expression were noted to have several manifestations of a dental phenotype.

the transgenic mice were often maloccluded. These teeth also showed a greater

prevalence to overgrowth and/or breakage. It is believed that the observed

overgrowth of the incisors is secondary to the malocclusion and subsequent lack of
normal wear, since mouse incisors continue to erupt throughout life. In the presence

of a malocclusion between the maxillary and mandibular incisors, the teeth may not
contact one another properly. This lack of contact may result in abnormal wear or no

wear of the incisor at all. This will result in overgrowth and an unfavorable crown to
root ratio, resulting in teeth that are more susceptible to breakage. Other factors, such

as a decrease in bone formation, volume, or quality may contribute to the

malocclusion as well. Preliminary data revealed that over expression of the

pOBCol3.6-FLp20C/EBPf3 transgene results in localized osteopenia in long bones.
Expression of the transgene in osteoblasts of alveolar bone of the mandible has been
confirmed by immunohistochemistry. It could be hypothesized therefore that if the

transgene is expressed in osteoblasts found in the jaws, they may experience
decreased bone formation, resulting in malocclusion. The condylar growth plate was
also considered as a possible site for expression of the transgene that could account
for the morphological differences between transgenic and wild type mice. In the

growth plates of long bones we generally do not see significant expression of the
transgene, primarily due to a lack of expression of type I collagen. However, this

may not be the case with the condylar growth plate. Studies suggest that type I
collagen is expressed in the condylar growth plate. Given this finding, it is possible
that transgene expression in the condyle could result in a malocclusion (8). Another

possibility for increased breakage of incisors is a primary defect in the tooth itself,

such as hypoplastic or poorly mineralized dentin, resulting in fragile teeth. If

expression of the transgene can be localized to odontoblasts a defect in the dentin
would be plausible. Decreased deposition or poor quality of dentin would have an

effect on the teeth as seen with dentin dysplasia and dentinogenesis imperfecta.

Significance to Orthodontics

In this research we will describe a tooth phenotype observed in transgenic
mice with the overexpression of p20C/EBPfS. These transgenic mice show an overall

universal decrease in size resulting from a decrease in bone mass. This is because a

disruption occurs during osteoblast differentiation. Our model provides evidence of a
site-specific defect in the dentin for the transgenic mice. This data suggests that
C/EBP transcription factors may play a role in both osteogenesis and odontogenesis.

Also, the differential effect of the transgene on site-specific targets with dentin
suggests some type of cellular heterogeneity within the tooth. This could be

explained by individual differences within the odontoblasts or their progenitor cells.
While some progress has been made in identifying genetic factors that are involved in
malocclusion (9,10), there is still much to be learned about specific genes, their

downstream targets, and how they affect dento-craniofacial morphogenesis and
disease. Initial data suggest that members of the C/EBP transcription factor family

may have a role in this process, as demonstrated by the misalignment, overgrowth
and breakage of teeth when C/EBP function is disturbed.
The research proposed will help identify the causes of the dental defects in the C/EBP
loss-of-function model, and should help us to better understand the role played by

C/EBP transcription factors in normal dento-craniofacial morphogenesis. Ultimately,

this may lead to the potential identification of specific genes that are involved in the

development of dental disorders that affect odontoblast function, such as dentin
dysplasia and dentinogenesis imperfecta.

Hypotheses:

We hypothesize that:
1. Mice with targeted expression of p20C/EBPI3 transcription factor exhibit a dental

phenotype.
2. Targeted expression of p20C/EBPI3 transcription factor results in a defect of
terminal odontoblast differentiation or function.

3. The interference with odontoblast differentiation in transgenic mice results in the

production of dysplastic dentin.

Specific Objectives:
Characterize the dental phenotype in transgenic mice with Col3.6-targeted expression

of p20C/EBPI3 and compare with their wild-type littermates.

Histological Analysis

Our data demonstrated that transgenic mice, both lines 50-10 and 65, have
exhibitited a defect in the dentin for the mandibular incisors. These experiments will
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be camed out in 4-6 week old transgenic mice along with their wild-type littermate

controls. Histological examination will be used to determine the quality of the labial

and lingual dentin. Gross observations will also be made concerning the differential
thickness for both buccal and lingual dentin.

Micro-computed Tomography
Micro-CT will allow quantitative analysis to be performed for the mandibular

incisors. Once again, transgenic mice along with their wild-type littermates, from

both 00-65 and 50-10 lines, will undergo scanning between the ages of 4-6 weeks.

Quantitative parameters will include linear measurements along with cross sectional
analysis for enamel and dentin. Incisors will be scanned in cross section from the
incisor to the apex at 18-micron intervals. Quantitative measurements on dentin and

enamel thickness and area measurements will be performed at the level of the dentoalveolar junction.

Immunohistochemistry

Expression of the transgene protein will be visualized in odontoblasts by

FLAG immunostaining. This will allow us to determine whether the site-specific
effects on dentin morphology might be due to differential expression of the transgene.

Expression of the transgene in ameloblasts is not expected, however expression is

expected in alveolar bone and dentin of transgenic animals. Histological sections of
the mandible will be subjected to staining for the transgene using the M2 FLAG

antibody. Wild-type mice will serve as the control.

Research Plan:

1. Transgenic mice and wild-type littermates were obtained by mating a wild type

CD-1 female with a heterozygous transgenic male.
2. Data were collected from mice at 4-6 weeks of age, unless otherwise noted.
3. The dental phenotype of pOBCol3.6-FLp20C/EBPI3 transgenic mice and their

wild-type littermates was characterized as outlined below.
a. Photographs and cephalometric radiographs were obtained from both

transgenic and control mice for gross analysis of jaw and tooth

morphology. Freshly dissected mandibles from both wild type and
transgenic mice were bisected at the mid-symphsis region and placed
in 70% ethanol. These specimens then underwent micro-computed

tomography at the University of Connecticut Health Center under the
direction of Dr. Doug Adams.

b. Linear measurements and cross-sectional data for the contents were
obtained via this method in order to allow quantitative comparison of
incisor micro-architecture.
c. Routine histology was performed on mandibular specimens

immediately dissected and placed in 70% ethanol. Examination
includes both the alveolar bone and teeth.
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4. The pattern of expression of pOBCol3.6-FLp20C/EBP in the surrounding skeletal
and dental was examined using immunohistochemistry. Sections taken from the
mandible were subjected to staining using the M2 Flag antibody to determine the

pattern and localization of transgene expression.

Materials and Methods:

Materials

Transgenic mice were produced and maintained in the Institutional Transgenic

Mouse Facility. Experiments were performed on mice between the ages of 4-8
weeks. Mating a heterozygous transgenic male with a wild type CD-1 female

produced experimental wild-type and transgenic mice.

Cephalometric and Photography
Lateral cephalographs of the skull were obtained via micro-radiography using
a Faxitron MX-20. Gross observations were made primarily about the curvature of

the incisors for both transgenic and wild type mice. Photographs were obtained via

35mm camera with the mouse placed in the frontal position. This view allows for a
better view of maxillary and mandibular incisors.

Micro-Computed Tomography
Dissected mandibles from both transgenic and wild type mice were bisected at

the symphsis and fixed in 70% ethanol. Samples were taken from animals between
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the ages of 6-8 weeks. Mandibles were then sent to the University of Connecticut

Health Center micro-CT facility, headed by Dr. Doug Adams, to undergo
examination in the Scanco micro-CT 20 system. Mandibles were positioned

vertically in the scanner. The micro-CT system obtains an image of the dissected
mandible and takes optical slices at 18-micron intervals. Analysis and measurements

of the mandible were performed using semi-automated computer software. Micro-CT

allows 3-dimensional reconstruction of the dissected mandibles for comparison of

shape and size. Five measurements were made for each mandible: thickness of
enamel, thickness of labial dentin, thickness of lingual dentin, total area of enamel,
and area of dentin.

Histology

Freshly dissected mandibles were bisected at the symphsis and fixed in Para

formaldehyde. Each specimen was processed for routine histological analysis of bone
and teeth. Specimens were taken from 6-8 week old mice. Samples were

immediately fixed in 4% paraformaldehyde, decalcified in EDTA, and embedded in
paraffin. These sections were then prepared and stained with hematoxylin and eosin
for routine histology. This allowed a comparison of quality and quantity of both
skeletal and dental structures for the mice.

Immunohistochemistry

Mandibular sections underwent immunohistochemical analysis in order to
establish localization of transgene expression in the jaws and teeth. Mandibular
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specimens were sectioned and underwent staining of the transgene using the M2

FLAG antibody. Negative controls include sections from wild type mice or sections
of transgenic mice without the primary antibody. Mandible from 4-week old mice
were fixed in 4% paraformaldehyde, decalcified overnight with 5% nitric acid,

embedded in paraffin and cut into 5 tm sections, which were mounted onto charged,

pre-cleaned slides. The slides were incubated with xylene and then decreasing (100%,
90%, 70%, 50%) concentrations of ethanol to remove the paraffin and rehydrate the
tissue. Endogenous peroxidases were quenched with 30%

H202 dissolved in

methanol. Bovine serum albumin (BSA, 0.5%) was used as a blocking buffer. The
tissues were then unmasked in a solution containing 1 M sodium citrate, 1 M citric
acid monohydrate and H202. A polyclonal rabbit anti-rat 1113-HSD2 primary antibody

(RAH23) was used at 1.13 gg/ml (25) overnight at 4 C in a moist, covered chamber.
The slides were rinsed with PBS, incubated with biotinylated anti-rabbit IgG

secondary antibody (1:200) (Vector Laboratories, Burlingame, CA) for 1 h at room
temperature in a moist, covered chamber. The slides were then rinsed again and then
incubated with horseradish peroxidase-streptavidin (1:100) (Zymed, S. San Francisco,

CA) for 45 min. After rinsing, the 3-amino-9-ethyl carbonate (AEC) (Sigma, St.
Louis, MO) dissolved in 0.1 M acetate buffer, pH 5.2, and 3%

H202 was added as a

chromagen. Following immunostaining, all slides were counterstained for 5 s with
hematoxylin and mounted with crystal mount (Biomeda Corporation, Foster City,

CA).
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Gene Expression
Mandibles from both transgenic and wild-type mice were cut into three

segments based upon anatomic landmarks. The groups included: incisal (I)from incisors up to first molar, molar (M)- first molar through last molar, and

condylar (C). Separation was completed prior to extraction of RNA. RNA was
prepared from mandibles using TRIzol Reagent according to the manufacturer’s
instructions. After the isopropanol precipitation, the pellet was redissolved in 300 gl

of GTC buffer (4.5 M of guanidinium isothiocyanate, 10 mM of 2-mercaptoethanol

(13-MSH), 15 mM of sodium N-lauryl sarcosine, and 10mM of sodium citrate, pH 7.0)
followed by precipitation with 300 gl isopropanol. The precipitate was washed once
with 80% ethanol, drained, and redissolved in 50 gl of water. RNA was separated on
a 2.2 M formaldehyde/1% agarose gel and transferred onto GeneScreen (New

England Nuclear, Boston, MA, USA) by positive pressure. Membranes were probed
with a 900-base pair(bp) PstI fragment of rat Collal (plR2)[39], a 440-bp
PstI/EcoRI mouse osteocalcin fragment (p923)[40], and a 1000-bp EcoRI mouse BSP

and osteopontin (OP) fragment [41]. Probes were radiolabeled by the random primer

method using (-32p)deoxycytosine triphosphate (dCTP; 3000 Ci/mmol; New

England Nuclear, Boston, MA, USA) obtaining a probe-specific activity of
approximately 1 x 109 cpm/gg. Filters were hybridized with 3 x 10 6 cpm/ml 32p_
labeled probe at 42C in in 50% formamide, 5x SSPE (lx SSPE

0.149 M of NaC1,

10 mM of NaH2PO4, and 1 mM of EDTA, pH 7.4), 1.2 x Denhardt’s solution, and

0.5% sodium dodecyl sulfate (SDS) [42]. Filters were washed once in 6x SSPE and

0.5% SDS for 10 minutes at room temperature, once in 0.1 x SSPE and 0.1% SDS for
10 minutes at 65C. Prior hybridization signals were removed by washing in 0.1 x

SSPE and 0.1% SDS for 20-30 minutes at 80C. Filters were exposed to X-ray film
with an intensifying screen at-70C.

Statistical Analysis

Statistical analysis was performed by using two-tailed t-tests.

Results:
This study was designed to determine the effects of C/EBP loss-of-function by

targeting a dominant negative member of the C/EBP family with a 3.6 kb Collal

promoter fragment. Prior studies using the 3.6 kb Collal promoter fragment
demonstrated that expression of this transgene in the teeth is restricted to functional
odontoblasts and alveolar bone osteoblasts. There are two lines of transgenic mice in

particular (50-10 and 65) that demonstrated generalized osteopenia along with several
dental manifestations. Several phenotypes were observed in the teeth of these
animals such as: misalignment, breakage of upper and lower incisors, and

overgrowth (Fig.l). Overgrowth was noted using micro-radiography as an increase in
curvature primarily in the lower incisors. This example of overgrowth seems to be

the most dramatic phenotype observed. Periodic trimming of the mouse incisors was

necessary for some transgenic animals due to the incisors rapid growth rate

(2.8mm/week). Also, transgenic mice were fed a diet supplemented with granular
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chow to ensure proper nutrition. Frontal photographs showed both breakage and

overgrowth of the incisors for the transgenic mice, while wild type incisors appear to
be normal in appearance. Lateral skull radiographs reveal a pronounce curvature of
the maxillary and mandibular incisor in the transgenic mice (Fig. 2). Line 65 seemed
to demonstrate a more severe phenotype throughout.

Histology
Mandibles were harvested from both transgenic and wild-type mice between

the ages of 6-8 weeks, fixed, sectioned, and stained. Enamel was not studied and was
washed away in the decalcifying procedure during routine histological processing.

However it is believed that enamel for both the wild type and transgenic mice is
normal, based on their micro-CT studies. Transgenic mice displayed clear evidence

of osteopenia in the mandible, microscopic examination revealed a dramatic lack of
supporting alveolar bone. This is visualized quite well in low power images in Fig. 3.

Note here that supporting alveolar bone appears to be thin for the incisors and molars
in transgenic mice, whereas the bone for wild-type mice appears normal. When

viewing the molars through a sagittal section it can be clearly be seen that transgenic
animals show little to no alveolar bone surrounding the tooth, while the wild-type

appears normal (Fig. 4 and 5). This example also provides an excellent view of
differences in the radicular and coronal dentin for transgenic and wild type animals.

In Fig. 4 the dentin appears normal throughout the section. In the transgenic section
(Fig. 5) it is possible to see the cementoenamel junction along with a clear
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demarcation line between what appears to be healthy and abnormal dentin. The
dentin appears normal in the crown and dysplastic in the roots. When mandibular
incisors were viewed in this same sagittal section a dramatic site specific disorder was
noticed. The labial dentin for both transgenic and wild-type mice appeared to be

histologically normal, although line 50-10 demonstrated a slightly wider labial
segment. However, the lingual dentin for the transgenic animals was very thin and

appeared to be of poor quality (Fig. 6 and 7). At high power, it was evident that the
normal tubular structure of the lingual dentin was replaced by a globular amorphous
dentin. In contrast, the labial dentin appears to be of good quality (Fig. 8 and 9). The

same poor quality dentin is observed in the molar roots of transgenic mice, where as

the wild-type appear normal (Fig. 10). We believe this to be caused by a defect in the
mineralization cycle (26).

Micro-computed Tomography
While histological examination provides important data about the quality and

microscopic structure of the mouse incisors, it is difficult if not impossible to quantify
these data. To overcome this we have employed micro-CT analysis to obtain linear
and cross-sectional data. Micro-CT examination showed no change, as expected, in

the enamel widths for transgenic and wild type mice. However, micro-CT studies
confirmed what was previously observed by histological examination. A pronounced

change in the width of the lingual dentin for transgenic incisors was noted. As shown
in Fig. 11, both lines of transgenic mice showed a statistically significant decrease in

the lingual dentin. Measurements for the labial dentin thickness showed an
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increase for transgenic mice from line 50-10, however no difference was found in line

65 (Fig.12). A statistically significant reduction for the total dentin area was found
for both lines (Fig.13). Moreover, it appeared that the area of the pulp chamber was

enlarged in both transgenic lines.

In order to determine if the tooth phenotype is present prior to weaning microCT analysis was performed on 7-day-old mice. Our goal was to determine if the
tooth phenotype is present developmentally or if environmental factors such as forces
of mastication play a role in the etiology. Micro-CT results at this stage are harder to

interpret due to the resolution afforded at 18-micron intervals and the small size of
mandibular incisors at this age. However, transgenic incisors appear to display a

decrease in thickness for lingual dentin along with an increased area of the pulp
chamber (Fig.14). Based on this, we believe the observed phenotype to be

developmental rather than environmental.

Gene Expression in the Mandible
Northern blot studies showed a decrease in DSPP expression for incisor and
molar segmental regions. As expected there was no DSPP expression detected for the

condylar segment, because there are no teeth in this segment. Incisal, molar and
condylar segments all showed an increase in BSP and a decrease in OC expression
(Fig 15). This data is preliminary, however it leads to the possibility that DSPP

expression may be affected or reduced in odontoblasts for transgenic mice. Site-

specific expression studies are beyond the scope of this study, however we predict
that when completed DSPP expression will be reduced on the affected lingual dentin
and the molar root surfaces of transgenic animals.

Immunohistochemistry to Localize the Transgene
Immunohistochemical detection of the FLAG epitope was used to visualize

expression of the transgene protein product in the mandible and incisors.
Odontoblasts lining both the labial and lingual side of the dentin were stained positive

(Fig 16 and 17). Other cells, which stained positive in these sections, were
osteoblasts; no staining was noted for ameloblasts or dental pulp chamber. These
results suggest that the site-specific dentin dysplasia is not due to differential

expression of p20C/EBPI3 in labial versus lingual odontoblasts.

Discussion:

Our goal was to better understand the role of C/EBP transcription
factors in osteoblast and odontoblast differentiation and function. We have
demonstrated that mice with targeted expression of FLp20C/EBPg show site-specific
dentin-related tooth phenotype. The phenotypes are most prominent in lines 50-10

and 65; this may be explained by a higher level of transgene expression in these two
lines. Observation at a gross level shows a reduced body size and osteopenia that is

easily detectable in these transgenic mice.
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Evidence of the tooth phenotype is primarily manifested by fragility,

overgrowth, and malocclusion of the incisors. Studies using routine histology and
micro-CT analysis demonstrated a site-specific dentin dysplasia. This dentin

dysplasia is characterized by a reduced thickness and a disorganized tubular structure
the lingual dentin on transgenic mouse incisors. Preliminary data for molars shows
an almost identical picture for the radicular dentin, however the molars have not been

evaluated as extensively as the incisors. This finding was accompanied by a virtual

complete lack of alveolar bone for transgenic animals. These findings were then
quantified using micro-CT analysis. Both transgenic lines showed a statistically

significant decrease in lingual dentin thickness. An increase in the labial dentin
thickness was observed in line 50-10, but not in line 65. A measurement of interest

for future studies is linear and cross-sectional data of the pulp chamber. Once the
tooth phenotype was discovered the next question that arose was its etiology. Was

the cause developmental or environmental? Micro-CT was performed on very young

(7-day-old) mice to determine if the observed tooth phenotype is present prior to
weaning. If masticatory forces were the primary cause of this phenotype we would
not expect to see the defect this early. Initial data indicate the dentin defect is present

at this early stage of development. This leads us to believe that it is highly probable

that the tooth morphology is altered developmentally, rather than through chewing
forces.
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Gene expression data indicate a decrease in DSPP expression for both incisor
and molar segments of transgenic mandibles. These studies also confirmed an
increase in BSP and a decrease in OC expression. Since DSPP is odontoblast

specific, this raises the question of whether DSPP expression is reduced specifically
in affected odontoblast populations. We believe future studies will show that DSPP

expression is reduced specifically in odontoblasts adjacent to dysplastic dentin of the

lingual incisors and molar roots. A recent study in which the DSPP gene was ablated
in transgenic mice resulted in a similar dentin dysplasia to that observed in the present

study. Future studies proposed include in situ hybridization and laser capture micro
dissection to specifically examine gene expression in affected and unaffected

odontoblast populations. These approaches will also make it possible to determine
the contribution of odontoblasts to the up regulation of BSP and inhibition of OC
observed in this study.

Another issue is whether the dentin dysplasia in the p20C/EBPg

overexpression model is entirely due to down regulation of DSPP expression.
Mutations of the DSPP gene causes dentin dysplasia and dentinogenesis imperfecta in

humans, and DSPP gene knockout mice show evidence of dentin dysplasia, indicating
that lack of DSPP is sufficient to cause such a phenotype. However it is interesting

that DSPP null mice show dysplastic dentin primarily at the incisal end of the incisor.

In our model, the lingual dentin at the apical end of the incisor was clearly involved,
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suggesting that pathways or genes other than DSPP may be involved in the
production of abnormal dentin.

It is possible that epithelial-mesenchymal interactions may play a role in the
heterogenenity of this model. Do signals derived from the epithelium, (e.g.
amelogenins, growth factors, etc.) mitigate the effects of the transgene on odontoblast
function? We have demonstrated that dentin dysplasia reproducibly occurs in

specific regions of the teeth, including the lingual dentin of the incisors and the molar
roots. In contrast, it appears that dentin in the coronal portion of the molars and the

labial side of the incisors is well organized and possesses a normal tubular structure.

We hypothesize that an interaction with an enamel organ may account for the
heterogeneity of odontoblast function unmasked by transgene expression of

p20C/EBPB. Both coronal and labial dentin are located in close proximity to an
enamel organ, and are also under the influence of signals derived from these organs.

However, lingual dentin of the incisors and radicular dentin of the molars are not
associated with an enamel organ, and are presumably under the influence of signal

pathways of adjacent epithelial structures, which do not secrete amelogenins. We
therefore propose that the differential effects of p20C/EBPg on lingual vs. labial as
well and radicular vs. coronal dentin are due to signals derived from enamel organ

epithelial which blocks the inhibitory effects of the transgene on labial and coronal
odontoblasts.

ConclusionThis research utilized a dominant negative C/EBP loss of function transgenic

mouse model. Based upon the reported data from this study we propose that C/EBP

transcription factors play a role in the regulation of odontoblast differentiation and
function. It is possible that the site-specific phenotype observed in transgenic mice is

the result of odontoblast heterogeneity which may involve signals produced by the
enamel organ. We believe this mesenchymal-epithelial interaction may mitigate the

effects of the transgene on the labial incisor and molar crown dentin. These studies
should lead to a better understanding of the specific genes and signal pathways
involved in dentinogenesis and dentin disorders, such as dentinogenesis imperfecta

and dentin dysplasia.
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Figure 1: Gross Tooth phenotype photograph. This photograph compares wild-type
and transgenic mice from two lines, 65 and 50-10. Both wild-type lines exhibit a

normal occlusion. Transgenic mice present with various forms of malocclusion.
Both lines show overgrowth and breakage, however line 65 shows a more severe

phenotype.

Figure 2: Lateral Skull Radiographs. Radiograph comparing wild-type and
transgenic mice from line 65. Note the increase in curvature of the maxillary incisors
for the transgenic mouse.

Figure 3: Low power histological section comparing wild-type and transgenic
mouse incisors. Wild -type incisor dentin appears to have well-organized tubular
structure and uniform thickness. Transgenic dentin appears to be well organized on

the labial with normal to slightly large labial thickness. The dentin on the lingual is

very thin, and even at low power shows poor organization and tubular structure.

28

Figure 4" High power histological section comparing wild-type and transgenic
mouse incisors. At higher power the dentin for the wild-type incisor is confirmed to

be normal in quantity and quality. Note for the transgenic incisor the labial dentin is
well organized and the dentinal tubules are readily apparent. The lingual dentin for
the transgenic sample is poorly organized and globular in appearance, lacking any

type of tubular structure.

Figure 5: High power histological section comparing the lingual dentin of wild-type
and transgenic mouse incisors. The high power illustration for the wild-type incisor
is how normal healthy dentin should appear. This illustration shows how poorly

mineralized and disorganized the transgenic incisor dentin becomes. Notice again the

poor tubular organization and globular appearance.

Figure 6" High power histological section comparing the lingual and labial dentin of
the transgenic mouse incisor. The labial dentin in the transgenic population appears
to be healthy and normal in appearance. Some samples show an increase in thickness

for the labial dentin, however the difference is not significant. The lingual dentin
shows poor organization with no evidence of functional tubules.
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Figure 7- Histological section of transgenic incisors. Overall view of transgenic
incisor with thin lingual dentin. Cervical loop is seen at the roots apex.

Figure 8: Histological section of wild-type and transgenic molar roots. Dentin of the
molar roots seems to be affected in a similar manner to the lingual incisor in

transgenic mice. Molars have not been studied as extensively as incisors so only

generalizations can be made at this point. Note the poorly organized dentin and lack
of discernible tubular structure.

Figure 9" Histological section comparing alveolar bone in wild-type and transgenic
mice. Wild-type sample demonstrate normal appearing alveolar bone along with

healthy dentin. Transgenic sample displays very little alveolar bone, which is
consistent with the osteopenia associated with transgene expression at other skeletal
sites.
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Figure 10: Wild-type molar histological section. This section provides a good
overall view of a normal periodontium. Bone appears to be high quality and present
in sufficient amounts. There is no change in the dentin appearance at the

cementoenamel junction (CEJ).

Figure 11" Transgenic molar histological section. Overall view demonstrates very
little supporting alveolar bone. Inter-radicular bone is nearly absent. Coronal dentin

appears to be healthy, however notice a change at the CEJ. A distinct line of
demarcation exists at CEJ were once enamel ends the dentin appears to be poor

quality. Here, the radicular dentin is also thin when compared to the coronal dentin.

Figure 12: Micro-computed tomography analysis. Anatomical landmarks of enamel,
dentin, pulp, and bone are show. Linear and area measurements for each region is
shown.

Figure 13" Micro-computed tomography analysis of wild-type and transgenic mouse
incisors. Samples were all sectioned and data collected from the first optical section

containing alveolar bone. Enamel and dentin appear to uniform in thickness for the
wild-type samples. Enamel appears normal while the labial dentin for the transgenic

samples is slightly large. However, the lingual dentin is consistently decreased in
thickness for the transgenic mice.
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Figure 14- Graph of linear measurements for line 50-10. Graph depicting statistical
data for linear measurements comparing the thickness in enamel along with labial and

lingual dentin in wild-type and transgenic mice from line 50-10. Significant changes
were noted as an increase in labial and decrease lingual dentin thickness in transgenic
mouse incisors.

Figure 15" Graph of area data for line 50-10. Graph depicting statistical data for
area measurements of enamel and dentin in wild-type and transgenic mice from line

50-10. Significant changes were noted for a reduction in overall dentin area for
transgenic mice incisors.

Figure 16: Graph of linear measurements for line 65. Graph depicting statistical
data for linear measurements comparing the thickness in enamel along with labial and

lingual dentin in wild-type and transgenic mice from line 65. Significant changes
were noted as a decrease in the thickness for lingual side dentin in transgenic mice
incisors.
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Figure 17: Graph of area data for line 65. Graph depicting statistical data for area
measurements of enamel and dentin in wild-type and transgenic mice from line 65.

Significant changes were noted for a reduction in overall dentin area for transgenic
mice incisors.

Figure 18: Northern blot analysis for transgenic mouse mandible. DSPP expression

appears to be decreased slightly. BSP is slightly elevated in transgenic samples;
while OC expression is decreased.

Figure 19: Low power micrograph localizing transgene expression in wild-type and
transgenic mice. Immunological staining for the wild-type shows no expression of
the transgene. The transgenic sample shows osteoblasts and odontoblasts both

staining positive for transgene expression.

Figure 20: Low power micrograph of transgenic mouse incisor. Transgenic sample
showing low power magnification to depict large area of incisor for view. Note
enamel, dentin, pulp chamber, alveolar bone, and cervical loop
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Figure 21" High power micrograph localizing transgene expression. High power
magnification of a transgenic sample denotes expression of the transgene in the
osteoblasts and odontoblasts.
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